Femtosecond Spectrotemporal Magneto-optics
J.-Y. Bigot, * L. Guidoni A new method to measure and analyze the time and spectrally resolved polarimetric response of magnetic materials is presented. It allows us to study the ultrafast magnetization dynamics of a CoPt 3 ferromagnetic film. The analysis of the pump-induced rotation and ellipticity detected by a broad spectrum probe beam shows that magneto-optical signals predominantly reflect the spin dynamics in ferromagnets. DOI During the last few years, femtosecond time-resolved magneto-optics opened the way to measure the magnetization dynamics in ferromagnetic metals on the subpicosecond temporal scale [1, 2] . Several experimental configurations have been reported based on the thirdorder (i.e., pump-probe) magneto-optical (MO) effect [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , magnetization-dependent surface second harmonic generation [13] [14] [15] [16] , and time-resolved two photon photoemission [17, 18] . In contrast to the techniques based on photoconductive switches, in which the magnetization dynamics is triggered by a pulsed magnetic field in the picosecond time scale [19] [20] [21] [22] [23] , a femtosecond temporal resolution can be achieved with MO techniques by inducing the magnetization dynamics via the absorption of an ultrashort laser pulse (the pump pulse). In the case of semiconductors [24] the selection rules on the pump polarization are such that a photogenerated spin population can be created. In the case of metallic ferromagnets, however, the effect of the pump is more subtle, and several questions have been raised about the interpretation of the observed drop in the MO contrast during the first hundreds of femtoseconds following the pump excitation. For example, recent results have shown a discrepancy between the dynamics of differential rotation and ellipticity measured simultaneously with the pump-probe technique [6, 9, 11] . These observations seem to break the proportionality relationship between the magnetization and Voigt vector, which is the basic assumption of linear magneto-optics. A detailed experimental study of CoPt 3 thin films recently demonstrated that this breaking of the commonly admitted interpretation of MO signals occurs during the thermalization time of the electrons following the optical excitation (several tens of femtoseconds) [9] . In particular, in that study it was possible to distinguish between the contributions of the spin and charge populations in the MO signals by carefully separating the dynamics of the diagonal and nondiagonal elements of the time-dependent dielectric tensor. In other studies [25] it has been argued that this discrepancy could originate from a bleaching effect induced by the pump and observed in degenerate pump-probe experiments. In that case, one would expect to observe a spectral signature in the MO response, associated with the population bleaching. The spectral probing of CoPt 3 [5] and Fe [11] was previously performed with a probe wavelength at both 800 and 400 nm. In the first case the results did not display significant changes, therefore pleading in favor of the interpretation of the dynamical response in terms of the spin dynamics. Nevertheless, it is clear that to obtain a better understanding of the magnetization dynamics, a spectrotemporal analysis of the MO response is required. In this Letter we describe a reliable method to study the spectrotemporal MO response and to apply it to the case of CoPt 3 thin films. This new approach strengthens the idea that femtosecond optical pulses modify the magnetization of ferromagnetic materials.
A consistent spectrotemporal analysis of the MO response can only be obtained using an ellipsometric technique compatible with broad spectra. In this Letter we present such a technique that is based on the spectral detection of the polarimetric signal from the sample placed between crossed polarizers, as a function of the analyzer angle and pump-probe delay compensated for chirp effects. In such a way it is possible to extract from the experimental data both the rotation and the ellipticity obtained in a simultaneous measurement. We used this technique for studying the spectral and temporal dependence of the MO contrast in a CoPt 3 sample. The results show that a slight spectral dependence is present in the static MO response as already demonstrated in previous studies [26, 27] . On the contrary, the dynamical behavior of the relative variations of rotation and ellipticity are identical and do not show any spectral dependency. Our interpretation of these results is that in a CoPt 3 alloy the spin dynamics dominates the MO contrast in the visible part of the spectrum. This study corroborates the fact that a femtosecond optical control of correlated spin phases is now achievable.
The samples are thin films (thickness of 21.5 nm) of CoPt 3 alloy grown on a (0001) oriented sapphire crystal as described in Ref. [9] . Laser pulses of 150 fs duration are delivered at a repetition rate of 5 kHz by a Ti:sapphire VOLUME 93, NUMBER 7 P
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077401-1 0031-9007=04=93 (7)=077401 (4) regenerative amplifier operating at a central wavelength of 790 nm. Part of the energy is used to generate the pump beam at 400 nm (200 fs, the maximum fluence on the sample is 1 mJ=cm 2 ) by second harmonic generation in a 1.5 mm thick beta barium borate crystal. Another part of the energy (less than 1 J) is focused on a (0001) oriented sapphire crystal (thickness 2 mm) to generate a supercontinuum whose spectrum spreads from 480 to 750 nm. Most of the chirp compensation of the continuum is obtained by a double pass prisms compressor. The residual group velocity dispersion has been characterized by two photon absorption in a thin semiconductor crystal with a large band gap (ZnS). It is of the order of 850 fs in the entire spectral range and less than 150 fs in the range 500 -650 nm. This residual chirp is deconvoluted from the spectrotemporal MO signals by an appropriate conform transformation in the ; plane [28] . The detection scheme that we adopted to obtain the time and spectrally resolved MO signals is sketched in Fig. 1 . The p-polarized probe beam is focused on the sample in spatial overlap with the pump by a 150 mm focal length spherical mirror. Both the transmitted and the reflected probes pass through Glan polarizers oriented at an angle =2 with respect to the initial probe polarization. The angles F and K (for the transmitted and reflected beams, respectively) can be varied by two rotation stages with a precision of 0:3 mrad. The analyzed beams are then focused on the entrance slit of an imaging spectrometer, and their spectral intensity is recorded by a nitrogen-cooled charge-coupled device detector as a function of the analyzer angle . Alternatively, temporal cross sections at a given wavelength can be obtained by spectral selection (FWHM of 15 nm) of the probe beam. The analyzed beams are then measured with two photomultipliers using a lock-in detection scheme. In both cases the static polarimetric signals and their pumpinduced variations (as a function of ) are acquired for the two opposite remnant magnetization states of the sample. Let us now consider the expression of the intensity I that impinges on the photodetectors in the polarimetric configuration described above for two opposite magnetization states M of the sample. The polarimetric configuration is a simplified version of a rotating analyzer ellipsometer. An elementary analysis using Jones matrices [29] in the small angle limit leads to
where I 0 is the intensity measured with the analyzer parallel to the polarizer; is the analyzer angle (with respect to the crossed orientation); 0 and 0 are the nonmagnetic rotation and ellipticity induced by the sample; and M and M are the MO rotation and ellipticity (that change sign when M is reversed). The quantities 0 , M , 0 , M , and I 0 are all wavelength dependent. As already underlined by Koopmans [2] , for a fixed detection angle and in the absence of further analysis this method of detection is not very powerful because it mixes the contributions of MO rotation and ellipticity. On the other hand, reliable information can be obtained performing the experiment as a function of the parameter . In particular, by fitting simultaneously the experimental data obtained for two opposite magnetization directions, it is possible to separate the different contributions and to measure both M and M . An example of this analysis is given in Fig. 2 [26, 27] . For comparison we also report in Fig. 2 the static values of M and M measured on the same sample at 790 nm (with a ' 40 nm bandwidth) in a previous experiment made with 20 fs time resolution [9] . This technique becomes very powerful when determining the dynamical behavior of the MO contrast. In the case of a pump-probe experiment the same kind of analysis still holds, but the shape and position of the parabolas will evolve as a function of because some of the parameters in Eq. (1) are time dependent. Indeed, one expects temporal contributions from I 0 (differential reflectivity and transmission) and, more importantly, from M and M . The parameters 0 and 0 are not expected to be dependent on as long as one is not interested in coherent phenomena that appear only during the pump-probe temporal overlap. A first straightforward analysis of the time-dependent data can be obtained by noticing that the quantity R, defined as
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has a linear behavior with respect to with a slope M . This behavior is, indeed, observed in Fig. 3 (a) where the results, obtained for the Faraday configuration, are displayed. Figure 3(b) displays the variation of R with respect to the static R. In these measurements the probe is spectrally integrated in the range 500-700 nm. Even more interesting is the fact that all the lines in Fig. 3 cross the abscissa R 0 at the same point. According to the relation (2) this behavior is possible if and only if the relative variations of the rotation and ellipticity are strictly identical, i.e.,
We obtained another confirmation of this result by a different analysis of the same experimental data set. The procedure consists in fitting simultaneously a set of four parabolas for each delay : the two static parabolas and the two time-dependent parabolas. The number of free parameters in this fit is dramatically reduced by the fact that the parabolas share the same static parameters and that the time dependence of the parameter I 0 is obtained by an independent measurement of the differential transmission and reflectivity. In Figs. 4(a) and 4(b) we show an example of this analysis for a pump-probe delay 600 fs. Both in the Faraday and Kerr configurations, the experimental results are well described by a set of parameters in which Let us now focus on the spectral dependence of the MO dynamical behavior. A current understanding of the ultrafast demagnetization dynamics in transition metals is that it is due to time-dependent electronic and spin temperatures. Such interpretation suggests that no spectral dependence should be observed in the relative change 
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(n " and n # being the majority and minority spins) neither as a function of the pump frequency nor as a function of the probe frequency. As long as the time-resolved MO signals are dominated by the magnetization dynamics, a flat spectral response should be observed for the temporally dependent relative variations of the MO rotation and ellipticity even in the presence of a spectral dependence of the corresponding static quantities. To investigate this assumption we measured the dynamics of the differential rotation M = M at several wavelengths (spectral selection of the continuum probe with a FWHM of 15 nm) both in Kerr and Faraday geometry. The observed dynamics of the MO contrast does not depend on the wavelength of detection. As an example we display in Fig. 5 the temporal cross sections of M = M centered at 530 and 620 nm.
In conclusion, we demonstrated that the rotating analyzer ellipsometry is an appropriate experimental configuration to measure the spectrally and time-resolved MO contrast. Our results prove that the laser-induced dynamics of the MO contrast in a CoPt alloy does not depend on the probe wavelength. In particular, in the whole spectral range that we explored ( 480-700 nm) we found that
. Additional measurements obtained with a spectral selection of the probe wavelength confirm that the dynamical behavior of the MO contrast is geometry (Kerr or Faraday) and wavelength independent. These results corroborate the fact that time-resolved magneto-optics gives access to the genuine magnetization dynamics and that a femtosecond laser pulse can change the ferromagnetic order of a metal in the subpicosecond regime.
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